Aims: The goal of this research is to determine the efficiency of different catalysts for the degradation of organic compounds as possible alternative for wastewater treatments. To reach this goal, many objectives should be previously satisfied including the synthesis of different catalysts and the catalytic tests for the different processes. Study Design: A multifactorial design was used for the experimental study. Place and Duration of Study: The present study was conducted between January 2011 to December 2011 at the School of Science and Technology, Universidad del Turabo and the Department of Applied Physics at the Universidad Autónoma de Madrid, Spain. Methodology: Different catalysts were synthesized and the photocatalytic activity was measured. Catalysts were characterized by XRD, FE-SEM, S BET and TGA. For the photocatalytic activity a cylindrical reactor with continuous stirring was used. The dye (10 -5 M) was previously dissolved in water and 0.6g L -1 of the corresponding catalyst was added
INTRODUCTION
Water is an important resource in our society. Less than a 0.7% of the total of water in the Planet is fresh water and only 0.01% is accessible to be used [1] . Today, some of the most discussed issues around the world are the sanitation, soil and water chemical pollution, air pollution, the degradation of water sources and natural resources because organic, inorganic, bionutrients and microorganisms are some of the most common contaminants in water [1, 2] .
The production and use of synthetic chemical products have experienced an important increase during the last century. These products imply a challenge to the environment [2] , due to the fact that the environment does not have the ability to degrade these pollutants. New water treatment technologies are necessary to remove or degrade hazardous contaminants present in effluents, making the water resources both safe and potable to human consumption. For example, to maintain the aesthetic and diminish the environmental impact of industrial effluents is necessary the discoloration of the wastewaters [3] and one of the most relevant pollutants are dyes. The dyes have different applications in paper industries, leather, cosmetics, drugs, electronics, plastics and printing and approximately 80% of the synthetic dyes are consumed by the textile industry [4] . Some researchers determined that the annual discharge of waters containing dyes ranges from 30,000-150,000 tons [5] and also other chemicals used during the processes [4] . According to some statistical results approximately 12% of the synthetic textile dyes used during a year are "lost" during the manufacturing and operational procedures and from that 12%, the 20% will be finally released to the ecosystem through the industrial water discharges [6] . In the textile industry, more than 10,000 different dyes and pigments are available in the market and 20-30% of them are reactive dyes [7, 8] .
Dyes are non biodegradable compounds [9] and industrial wastewaters that contain biorefractory compounds are normally limited to the use of chemical treatments because the chemicals are toxic to the microorganisms used in the conventional biological treatments [10] . Potential human exposure to wastewater which contains dyes is a concern because are carcinogenic compounds, showing high resistance against biological, physical and chemical reactions [5] . The common techniques used to remove the dyes include chemical, physical and biological processes [8] but are inefficient because these compounds have high molecular weight and biochemical stability (aromatic rings) [11, 12] . This characteristic necessarily implies the use of treatments by unconventional methods [6] . The adsorption processes using activated carbon to eliminate the contaminants have the advantage that are very easy to use but they are expensive [13] and produce additional problems during the disposition of the contaminated materials. Other methods include the adsorption of the dyes by polymers and other materials [8, 9] . The conventional treatments do not reduce the toxicity of the dyes [10] . Some of the principal disadvantages of the physical methods as coagulation, precipitation and adsorption are the sludge formation, possible toxic byproducts and the fact that the chemical processes involved are expensive [9, 11, 12, 14] .
The Advance Oxidation Processes (AOPs) use chemical procedures based on the use of catalysts or photochemical compounds which generate highly reactive transient species as the hydroxyl radical which possesses high affectivity for the oxidation of organic compounds [15] . Processes as ozonation, Fenton, photochemistry, hydrogen peroxide oxidation, wet-air oxidation, radiolysis or even sonolysis generate highly reactive hydroxyl radicals for bleaching, finally arising to the mineralization of recalcitrant compounds [1, 13, 16] . In the boom of the eco-conservation and the eco-friendly techniques to degrade the pollutants in water and wastewater, the AOPs are seen as alternative techniques [13] to the traditional processes.
AOPs have many advantages as: the complete mineralization of the pollutants, are nonselective processes, can be used in low concentration of contaminants and can be combined with other methods [1] . The use and development of photocatalytic processes for the removal of harmful contaminants, as a treatment for wastewater and air pollutants is becoming increasingly popular [17] . Heterogeneous photocatalysis is one of the AOPs and is based on the direct or indirect absorption of photons from ultraviolet (UV) or visible light by a semiconductor that possesses the appropriate energy gap. The semiconductor photocatalyst should be chemical and biological inert, stable, inexpensive, of easy synthesis and production, and without human and environmental risks [1] . When a dye is used, the mechanism of photodegradation involves the excitation of the dye and the transference of the electrons to the conduction band of the photocatalyst (i.e. TiO 2 ) to generate the dye radicals. These radicals react with the oxygen on the surface of the catalyst generating oxygen radical species as O 2
•-, H 2 O 2 and O 2 • remaining the valence band unaffected [17] . The photochemical process generated by using these photocatalysts transforms the pollutants in CO 2 , H 2 O and inorganic acids without generation of secondary compounds that could be toxic [18] .
In the last decades, new applications for the use of nanoparticles in homogeneous and heterogeneous catalytic reactions were developed because these materials show a high efficiency and a high surface-to-volume ratio along with high surface energy [19] and are a part of the so-called new green chemistry technologies [20] .
A model organic dye has been selected for this research due to their structures (functional groups) and their presence in the environment. The degradation reaction of a dye by a hydroxyl radical generated by UV-visible light or ultrasound irradiation using titanium oxide as catalyst is as follow [4] :
TiO 2 (OH·) ads -D ads + TiO 2 -D ads (or D) → intermediates (P) → CO 2 + H 2 O
Where D is the model organic dye and P is an intermediated product of the reaction. [21] and is part of the triphenylmetane family of dyes that contain four N-ethyl groups at both sides of the xanthene rings [22] . It is stable in aqueous solution, used as a dye in textiles, food, cosmetics and as analytical reagent during the determination of metals in solution, especially alkali and alkaline earth metals but can cause aesthetic pollution in the aquatic environments showing high resistance to biological and chemical degradation [22, 23] . Currently this dye has been prohibited for the use as food color because as many basic dyes it is suspected that RhB could be a carcinogenic substance [13, 24] , inducing mutagenesis and teratogenesis in rats [25] . Their stability, resistance to biological and chemical degradation, presence in textile industry effluents, and the suspect that this dye could be a possible carcinogenic substance, implies that RhB is an excellent model compound for this study.
Rhodamine-B (

MATERIALS AND METHODS
Materials
All chemicals used during this research are of analytical grade and were used as received without any further purification, unless otherwise described. HCl, RhB and NaOH (97+% ACS Reagent) were provided by Fisher Scientific (New Jersey, USA 
Catalysts Synthesis
Synthesis of titanium oxide nanowires
TiO 2 nanowires (TiO 2 NWs) have been synthesized by a catalyst-free hydrothermal procedure. For a typical synthesis, 75 mL of concentrated hydrochloric acid and 75 mL of Milli-Q water were mixed. Because the reaction of the hydrochloric acid and water is exothermic, it is necessary be careful during the preparation of the solution. After the solution was cooled down to room temperature, 5 mL of the titanium precursor (titanium tetrachloride, Aldrich Chemical) was added by dripping under agitation at room temperature. The mixture was magnetically stirred until all solid particles were dissolved and the solution acquired a uniform color. The solution was placed in 30 ml Teflon-lined stainless steel autoclaves. Autoclaves were maintained at 150 o C by 4 hours. After that, the autoclaves were left to cool down to room temperature. The synthesized TiO 2 NWs were washed at least 5 times with Milli-Q water and dried overnight at 60 o C.
Synthesis of zinc oxide nanoparticles
In a typical synthesis, 0.2 mol of Zn(CH 3 COO) 2 (Aldrich, 98+% ACS Reagent) and 0.2 mol of NaOH (Fisher Scientific, 97+% ACS Reagent) were previously dissolved in a few milliliters of Milli-Q water and subsequently added to a 200 mL Erlenmeyer flask. After that, 100 mL of ethanol (Acros Organic, 95%) were added to the mixture. The solution was magnetically stirred at room temperature for approximately 2 h. The synthesized ZnO nanoparticles were separated from the solution by centrifugation (7,000 rpm) for 10 min and washed five times with Milli-Q water. Next, the powder was dried overnight at 60 o C and maintained in sealed containers.
Synthesis of titanium oxide@multiwalled carbon nanotubes
The synthesis of multiwalled carbon nanotubes (MWCNTs) coated with titanium oxide particles in rutile phase consists principally of two steps. The first one is the modification of the carbon nanotubes to produce actives sites (OH -groups) on the surface. The second one is the synthesis of the titanium oxide and the incorporation of this material into the actives sites previously generated on the surface of the carbon nanotubes.
Carbon nanotubes modification
In a typical synthesis, 5 g of MWCNTs were refluxed in concentrated nitric acid at 100 o C for 24 hrs. After that, the nanotubes were separated by centrifugation (6,000 rpm, 10 min) and washed repeatedly with Milli-Q water until pH neutral. The modified nanotubes were dried at 60 o C and maintained in sealed containers.
Synthesis and incorporation of titanium oxide on the MWNT surface
In a typical synthesis, 75 mL of concentrated hydrochloric acid (Fisher Scientific, 35%) and 75 mL of Milli-Q water were mixed and magnetically stirred in an Erlenmeyer flask. When the reaction mixture cooled down to room temperature, 5 mL of the titanium oxide precursor (titanium tetrachloride, Aldrich Chemical) was carefully added dropwise over 10 min. The reaction mixture was kept stirring until any solid particle was observed (approximately 30 min). To synthesize TiO 2 nanoparticles on the MWCNTs surface, 0.5 g of the chemically modified MWCNTs were added to this reaction mixture and the solution was kept stirring for 30 min. Next, this solution was transferred to 30 ml Teflon-lined autoclaves. The autoclaves were introduced in an oven for 4 hours at 150 o C. After cooling down to room temperature, the synthesized material, namely TiO 2 @MWCNTs, was washed with Milli-Q water at least 5 times and finally washed with ethanol. The product was dried overnight at 60 o C and maintained in sealed containers.
Characterization Techniques
X-ray powder diffraction patterns (XRD) were collected using an X´Pert PRO X-ray diffractometer (PANalytical, The Netherlands) in Bragg-Brentano goniometer configuration. The thermogravimetric analyses were done using a TGA Q-500 instrument (TA Instruments) under an inert atmosphere of nitrogen. The specific surface areas of the catalysts used in the present research were determined by the BET method using a Micromeritics ASAP 2020. Field emission scanning electron microscopy (FE-SEM) images were obtained using a JEOL JM-6400 microscope. The instruments used to determine the TOC concentration were a Tekmar Dohomann, Phoenix 8000 UV-Persulfate TOC Analyzer and a Leco CHNS-932. To characterize the absorption properties of the samples and to study the catalytic degradation of the organic compounds a UV-Vis CARY 3 Varian spectrophotometer was used. The fluorescence spectroscopy was studied by using a Varian Cary Eclipse spectrophotometer.
RESULTS AND DISCUSSION
Characterization of the Photocatalysts
Titanium oxide (TiO 2 , rutile phase)
The titanium oxide (rutile phase) is a commercial catalyst (Alfa Aesar, 97%) that has been used for comparative purposes. The specific surface area, as determined by the BET method, was 41 m 2 g -1 (Table 1 ). Fig. 1 shows the FE-SEM micrographs corresponding to this catalyst. As can be seen there, the rutile nanoparticles show diameters ranging from ca. 200 to 500 nm. Thermogravimetric studies (Table 1 ) revealed that only 11% of weight lost was observed under thermal treatment from RT to 450 o C. Fig. 2 shows the XRD pattern of titanium oxide indicating that this catalyst has rutile phase. 
Titanium oxide (TiO 2 , anatase phase)
The titanium oxide (in anatase phase) is a commercial catalyst used for comparison purposes. The specific surface area (S BET ), as determined using the BET method, was 48 m 2 g -1 ( Table 1 ). The FE-SEM images of the anatase catalyst ( Fig. 3) shows particles with diameters at ca. 100 nm and the presence of small aggregates. According to the TG analysis, the aggregates of the anatase particles could loss approximately the 27.8% of their weight under thermal treatment from RT to approx. 500 o C (Table 1 ). Fig. 4 shows the diffraction pattern of the commercial anatase catalyst, indicating that the anatase structure is the predominant phase in this catalyst. 
Titanium oxide nanowires (TiO 2 NWs)
Titanium oxide nanowires (TiO 2 NWs) were synthesized according to the procedure described previously. Fig. 5 shows different images obtained by FE-SEM of this catalyst. The wires are composed by smaller wires of nanometric dimensions (Fig. 5) . The specific surface area (S BET ), as determined by the BET method, was 480 m 2 g -1 (Table 1) . This value was unexpectedly high and could have relevant effects on the catalytic properties of this material. According to the TG analysis of the as-synthesized TiO 2 NWs, only a weight loss of 5.65% (Table 1) was observed during thermal treatment (from RT to approx. 400°C), indicating the compact and non-porous structure of this material. The XRD pattern ( 
Titanium oxide@multiwalled carbon nanotubes
Multiwalled carbon nanotubes were coated with particles of titanium oxide in rutile phase (TiO 2 @MWCNTs) (Fig. 7) . (Fig. 7) . As can be seen there, the arrows indicate the presence of aggregates and clusters of carbon nanotubes coated by TiO 2 . The specific surface area of this hybrid material (S BET ), as determined by the BET method, was 620 m 2 g -1 (Table 1) . TG analysis performed on this material from RT to approx. 500 o C shows that approximately the 25.27% of weight is lost during the thermal process ( Table 1 ). The XRD pattern (Fig. 8) indicates that the TiO 2 coating as aggregates and clusters over the carbon nanotubes has rutile phase.
Fig. 7. FE-SEM image of the as-synthesized TiO 2 @MWCNTs
Arrows indicate the presence of small clusters of TiO 2 
Zinc oxide nanoparticles
The synthesis of ZnO nanoparticles has been carried out according to the experimental procedure described previously. ZnO nanoparticles were characterized by FE-SEM (Fig. 9) . As can be seen there, ZnO nanoparticles are characterized by having irregular forms and dimensions ranging from several hundred nanometers to no more than one-micrometer length. According to the TG analysis, the weight-loss was approximately 25.27% (Table 1) . The weight loss observed from RT to approx. 350 o C can be possibly justified as due to the loss of water and the removal of surplus reagents of the sample. The specific surface area (S BET ), as determined by the BET method, was 68 m 2 g -1 ( Table 1 ). The most characteristic crystallographic lattice planes are shown in the diffractogram of Fig. 10 [26, 27] and correspond to reflections of the hexagonal phase [26] . 
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Catalytic Tests
The experimental setup used for the photocatalytic reactions was adapted from the literature [14, 28] . Rhodamine B (RhB) is used in this research as model pollutant to evaluate the photo degradation behavior of each catalyst (synthesized and commercial ones) under solar light irradiation in the presence of H 2 O 2 . A cylindrical reactor (semi-batch type) with continuous stirring was placed in the center of a solar simulator, as the irradiation source. The solar simulator was composed by two annular white bulb lights with a total irradiation power of 60 watts. A vessel of 1 L was used during the irradiation of the sample. The sample was mechanically stirred with a paddler to maintain a homogeneous mixture during the irradiation of the sample. During the photocatalytic process, the sample was at room temperature and ambient pressure. Hydrogen peroxide was added to the sample batch to increase the oxygen source during the reaction avoiding the decrease of the catalytic activity during the reaction due the lack of oxygen [28] . The volume of hydrogen peroxide (at 50% v/v) added to the reaction mixture, the concentration of the dye and the catalyst concentration was 0.1 mL, 10 -5 M and 0.6 gL -1 respectively [18, 26, 28] . Before irradiation, the catalyst was dispersed in the solution and kept in the dark under stirring for 10 min to reach the adsorption-desorption equilibrium [27, 29, 31] . The irradiation started after the adsorption -desorption equilibrium was reached. The irradiation time ranged from 0 to 60 min.
During the photocatalytic process, the system was covered to avoid any other irradiation on the sample. Only the light from the solar simulator could reach the sample. Every 10 minutes an aliquot of 10 mL was taken out from the solution. The sample was filtered at vacuum to remove the particles of catalyst, and after filtering, dilution (1:5) was prepared to obtain the UV and fluorescence spectra and to determine the TOC concentration.
Fluorescence, UV-visible absorption and TOC were determined for each sample collected every 10 minutes during a period of one hour. A decrease in the intensity of the absorption and fluorescence spectra was observed along the degradation process (Fig. 11) . The results clearly show how the area of the curves decreases along the reaction time. Additionally, a smooth displacement of the maximum absorption peak could be observed. This behavior has been justified as due to the formation of intermediates during the degradation process [20] . Different intermediates have absorption peaks at different wavelengths than the original organic compounds and for this reason additional absorption peaks are observed during the degradation process.
As shown in Fig. 11 , the relevance of the hydrogen peroxide and the photocatalyst for the degradation of the RhB was determined at the beginning of the research. To study these parameters the photocatalytic degradation process of RhB was done in the absence of the catalyst and in the absence of the hydrogen peroxide (Fig. 11c) . In both cases, any significant reduction in the pollutant concentration was observed during the irradiation process even after 60 min of irradiation. Otherwise, when the photocatalyst and the H 2 O 2 were added to the reaction mixture during the photocatalytic process a significant degradation was observed, indicating the relevance of the photocatalyst and the H 2 O 2 for the efficiency of the process. As shown in the literature, H 2 O 2 is used as a source of OH· produced during the catalytic breakdown. The hydrogen peroxide can accept the photogenerated electrons from the conduction band allowing the formation of the OH· radicals that prevent the recombination of the charges and increasing the photocatalytic process [32] .
Hydrogen peroxide increases the degradation process of the pollutants allowing the formation of complexes on the surface of the TiO 2 . These complexes shift the spectrum towards the visible region, being this behavior relevant because the TiO 2 and the H 2 O 2 do not absorb in these portions of the visible light [32] 
Fig. 11. Decrease of the UV-visible absorption (a), fluorescence (b) and TOC (c) during the photocatalytic degradation process of RhB using TiO 2 NWs as catalyst
Many degradation reactions occur simultaneously in the same reaction mixture due to different pathways and to the presence of new reaction intermediates that are generated during the degradation process. For this reason to define a reaction rate for all the different processes is extremely difficult. Therefore, the degradation process is normally defined as a pseudo-kinetic reaction [33] . For the photocatalytic process studied in this research, the best type of kinetic reaction adapted is a pseudo-first order reaction (Fig. 12) . Because the initial concentration of the pollutant is very small (millimolar), the pseudo-first-order kinetic reaction follows a Langmuir-Hinshelwood mechanism for degradation [32, 34] , according to the next equation:
Hydrogen peroxide increases the degradation process of the pollutants allowing the formation of complexes on the surface of the TiO 2 . These complexes shift the spectrum towards the visible region, being this behavior relevant because the 
where r is defined as the reaction rate, k the reaction rate constant, K is the absorption coefficient and C is the concentration of the reactant. If C is small we can say that ln C 0 /C = kKt = kt.
The pseudo-first order reaction model is defined as [18, 35] :
where C 0 and C are the initial concentration and the concentration at any time, respectively (Fig. 12) . The semilogarithmic plots of the concentrations vs time give straight lines, where the slope represents the value of k (reaction rate) (Fig. 12a-e) . Synthesized and commercial catalysts used in this investigation could be compared with other systems. In this research, the synthesized catalysts were compared with the commercial catalysts as the TiO 2 in two phases namely rutile and anatase. All catalysts were subjected to the same photocatalytic process under identical experimental conditions. The TiO 2 NWs showed the highest degradation percent ( Table 2 ). The order of efficiency of the photocatalysts was TiO 2 NWs>TiO 2 (rutile)> TiO 2 (anatase)> ZnO > TiO 2 @MWCNTs (Table  2 ).
According to the data of Table 2 , the TiO 2 NWs has the highest degradation rate, reaching a value of 96.44%. Investigations demonstrated that pure TiO 2 NWs reflect near the 95% of the visible light irradiated to the catalyst; most of the light absorbed is UV-light [37] . The use of titanium oxide as photocatalyst is a very interesting option because it is nontoxic, photostable and has a high oxidation potential, but its activity is limited to the UV region of the spectrum [22, 37] .
The two more effective catalysts studied in the present research (TiO 2 NWs and TiO 2 -rutile) are in the same crystalline phase. A relevant difference between both catalysts is the particle size; one of them has nanosized dimensions (TiO 2 NWs), and TiO 2 -rutile is composed by particles with micrometric sizes. The nanowires have a surface area greater than anatase and rutile, increasing the contact area between the catalyst and the pollutant and facilitating the photocatalytic process [36] . Studies with other catalysts such as In 2 O 3 -TiO 2 nanofibers, demonstrated the importance of the surface area on the catalytic process [36] .
The use of composite materials is a technique used to reduce the hole-electron pair recombination induced by the photocatalytic processes. Materials such as metals, metal oxides and organic molecules can be used for these purposes [36] . According to the literature, is expected that the use of carbon nanotubes (i.e. TiO 2 @MWCNTs) shows a synergistic effect between the materials, allowing the free movement of the electrons from the valence band across the surface of the nanotubes decreasing the recombination of the hole-electron pair and increasing the degradation of the compounds [34] . On the surface of the catalyst the semiconductor is excited by a photon of light and an electron-hole pair is generated.
The valence band hole has a high oxidative potential producing the oxidation of the dye and generating the hydroxyl radical from the water molecule. Consecutive reactions allow the oxidation of the dye and the complete photodegradation:
Oxidation of the dye
dye OH photodegradation of the dye
The conduction band electron ejected from the surface produces radicals of the oxygen molecule in the solution . The oxygen radicals react with the hydrogen peroxide producing hydroxyl radical and ions. At the same time regenerate the O 2 to continue with the reaction [18, 38] .
Another possible explication to justify the high activity of this catalyst is the presence of anchoring groups on the surface of the catalyst that facilitate the anchorage of groups available in the dye, increasing the degradation processes [18] .
According with some investigations one possible mechanism for the degradation of RhB is composed by many deethylations and carboxylations of the dye and the intermediates (Fig  13) [30] until the compound is mineralized to CO 2 and H 2 O. Additional studies are required to determine the degradation mechanism involved with the different catalysts.
In a typical heterogeneous catalytic reaction, at the beginning of the process the decay observed in the concentration of RhB was part of the adsorption-desorption process prior to reach the equilibrium. Studies with other catalysts as NaBiO 3 demonstrated the importance of the adsorption-desorption processes, in a heterogenous reaction, to finally produce the degradation of RhB [22] . A decrease in the degradation rate was observed between 30 and 60 min (Fig. 14) . According with some investigations, this decrease in the degradation rate could be part of i) the dissociative molecules that are present in the solution limiting the light absorbed by the catalyst; ii) the presence of intermediate that compete with the actives sites of the catalyst [4, 39] , or iii) possibly as part of the desorption process of the dye from the surface of the catalyst. The ZnO catalyst has a lower degradation rate when this catalyst is compared with TiO 2 catalysts (rutile, anatase and TiO 2 NWs). These results were similar to the results obtained by other researchers [40] . The lower efficiency of this catalyst (84.45%) could be due to the possible photodecomposition of the catalyst during the photoreaction. Although ZnO is one of the most common semiconductors used for the degradation of contaminants, this catalyst has poor stability [41] [42] . Some investigations determine a difference between the activation energy of TiO 2 (21+1 kJmol -1 ) and ZnO (24+1 kJmol -1 ). These results could be related to the degradation rate of the dye [37] . In the case of the ZnO, the poor efficiency of the photocatalytic process of this material is given by the poor quantum yield which allows a rapid recombination of the electron-hole pair generated in the same material [34] .
The lowest degradation rate was observed using the TiO 2 @MWCNTs (74.54%) (Fig. 15) . Carbon nanotubes were used to reduce the band gap, the electron-hole recombination and to shift the optical response of the photocatalyst [23] . For decreasing the possibility of recombination of the electron-hole it is necessary to eliminate the agglomeration of TiO 2 over the carbon nanotubes during the synthesis process [23] . A low degradation rate was observed when TiO 2 @MWCNTs was used in solution. According to the literature, the composite materials present some difficulties such as thermal instability, the possibility of photocorrosion, distortion of the crystal lattice framework and the possibility of an increase in the probability of recombination, decreasing the catalytic efficiency [34] . TiO 2 @MWCNTs shows a reduced efficiency with respect to the other catalysts due possibly to the instability of this material during the catalytic reaction. Table 3 shows the data of the kinetic reaction rates for RhB and the catalysts used during the degradation processes. The mean velocity for the reaction is approximately 10 -2 min. The values of R 2 ramped from 0.99 to 0.71. The difference among the R 2 values can be justified as part of the adsorption-desorption process of the dye by the catalyst (Fig. 14) . Adsorption of the dye by the catalyst can occur during the first minutes of contact, until an adsorption-desorption equilibrium is reached. The differences between the reaction rates could be based on the adsorption capacity of the different catalysts [14] , differences in the specific surface area and stability of the crystalline phase during the process.
Some investigations demonstrated the effectiveness of the adsorption as a treatment for the removal of dyes from wastewaters [24] . Investigations using bioadsorbents as Azadirachta indica leaf (neem) demonstrated the possibility to used biological waste for the adsorption of the contaminants in wastewater [24] . Meanwhile, adsorption studies for decontamination processes using bottom ash and de-oiled soya has the disadvantages of more time for adsorption (than using photocatalytic processes), high operational cost and the regeneration of the column [43] [44] [45] [46] . The photocatalytic processes present some advantages over the adsorption processes. Some of the advantages of the photocatalytic processes include the complete mineralization of the contaminant, the low energy consumption and no formation of sludge [47] .
Studies to compare photocatalytic processes versus adsorption processes using activated carbon and rice husks demonstrated that both processes were efficient but according with the COD results, the decrease in concentration of the contaminant (RhB) is more effective during the photocatalytic process (1608 to 232mgL-1). Meanwhile, the COD values for activated carbon and rice husks were 267 mgL-1 and 276mgL-1 [48] .
Different studies have been published on photocatalytic processes using RhB as pollutant model (Table 4) . One example of these catalysts is BiVO 4 . Studies demonstrated that BiVO 4 reached the 55% of degradation of the contaminant after 80 min of reaction [49] . Bi 2 O 3 showed a 80% degradation of the pollutant after irradiation during 80 min [49] . A similar system based on nanostructures of TiO 2 with flower shape [32] was compared with the TiO 2 NWs system. Both systems use H 2 O 2 during the process. In this regard, after 80 min of exposure of the sample to the simulated solar irradiation, RhB was totally degraded [32] . Both photocatalysts are in the same crystalline phase (rutile), even though they show relevant differences in the surface area (A BET ). The surface area of the nanostructured TiO 2 flower shape was 60.2 m 2 g -1 [32] , while the TiO 2 NWs have a surface area of 480 m 2 g -1 , which is approximately 8 times the surface area of the other catalyst. This demonstrates the importance of the surface area in the photocatalytic process. Doped nanostructured materials have also been used by other researchers [50] . An example is Au-ZnO, characterized by having nanopyramids shape [51] . In this case, 5 min is enough time for the degradation of the RhB [51] , but the study do not specified how much is the percentage of degradation obtained with this nanomaterial. InO/TiO 2 is another example of doped catalyst and in this case the catalytic reaction reached approximately 86 to 90% degradation after 240 min of irradiation [36] .
Composites are other alternative under study for different photocatalytic processes including the shifting of water for hydrogen production. A catalyst Zn x Cd 1-x S/TiO 2 (ZCT), with a Cd/Zn composite ratio 3:1, showed 96% of degradation of RhB after 120min of irradiation [52] .
Other interesting materials are those formed by composites on oxide substrates. An example is carbon covered alumina supported Pd dopped TiO 2 (CCA/Pd-TiO 2 ) with a ratio 1:1 [53] . A 100% of degradation could be observed in presence of this catalyst, after 180 min of irradiation. When these photocatalysts are compared with the catalysts studied in the present research (Table 2) it is possible to observe that all photocatalysts (commercial or synthesized) showed more efficiency during the degradation of RhB. In all cases, the degradation processes required lower irradiation times with respect to the investigations from the literature. The catalysts studied in the present research showed high degradation of RhB, ranging from 74.54% to 96.44% after 60 min of irradiation.
Further studies using different organic pollutants and photocatalysts are currently in process.
CONCLUSION
During the present research, different catalysts (TiO 2 nanowires, TiO 2 @MWCNTs, ZnO nanoparticles) were synthesized and fully characterized by different techniques as FE-SEM, TGA, specific surface area (BET) and XRD. Commercial (rutile and anatase) and synthesized catalysts were used with the aim to study the photocatalytic removal of RhB in water.
In all cases, the catalysts used in the present research were able to degrade the pollutant, even though not all demonstrated the same efficiency during the photocatalytic process. Under similar reaction conditions, the most effective catalyst was TiO 2 NWs (approximately 96.44% of degradation) and the less effective was TiO 2 @MWCNTs (with approximately 74.54% of degradation) according to the TOC analysis. Hence, it is deduced that the catalytic reactions studied in this research can be efficiently used for the degradation and decolorization of organic pollutants. The catalytic processes can be suitably and cost effectively employed (compared with the adsorption processes) for the removal of pollutants from wastewaters in a short period of time. Degradation processes using other catalysts from literature were compared with the catalysts used in the present study. According to our results, the TiO 2 NWS shows the highest efficiency. The degradation result could be related to the high surface area of the nanostructured catalyst. When all systems (adsorption and some common photocatalysts presented in literature as BiVO 4 , Bi 2 O 3 , Au-ZnO (nanopyramids), ZCT (Cd/Zn=3:1), CCA/Pd-TiO 2 , In 2 O 3 /TiO 2 ) were compared with the photocatalytic systems studied in this research, the photocatalytic process using TiO 2 NWS were more effective. In processes based on adsorption mechanisms, the pollutant is only adsorbed by the material and this process normally has some disadvantages as the high adsorption time that is required, high operational cost due principally to the regeneration of the adsorbent materials, and the appropriated disposition of these materials. Even though there are many publications concerning different photocatalytic systems none of them compare in efficiency with the TiO 2 NWS because for RhB a 96.44% of degradation is achieved in a short period of time (60 min), it has a high recyclability and is non-toxic, facilitating the disposition of the material. According with the results presented in this research we can predict that, with high probability, these catalytic processes could be implemented as appropriate chemical procedures for pollutant removal from water.
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